We have previously reported the isolation and characterization of tomato nuclear genes encoding two types of chlorophyll a/b-binding (CAB) polypeptides localized in photosystem (PS) I and two types of CAB polypeptides localized in PSII. Sequence comparisons shows that all these genes are related to each other and thus belong to a single gene family. Here we report the isolation and characterization of an additional member of the tomato CAB gene family, the single tomato nuclear gene, designated Cab-8, which encodes a third type of CAB polypeptide localized in PSI. The protein encoded by Cab-8 is 65% and 60% divergent from the PSI Type I and Type II CAB polypeptides, respectively. The latter two are 65% divergent from each other. Only some short regions of the polypeptides are strongly conserved. The Cab-8 locus maps to chromosome I0, 9 map units from Cab-7, the gene encoding the Type II PSI CAB polypeptide. The Cab-8 gene contains two introns; the first intron matches in position the single intron in the Type II PSII CAB genes and the second intron matches in position the second intron in the Type II PSI CAB gene. Like other CAB genes, Cab-8 is light-regulated and is highly expressed in the leaf and to a lesser extent in other green organs.
Introduction
The photosynthetic apparatus of plants is made up of two complexes, termed photosystem I (PSI) and photosystem II (PSII), which are located in the thylakoid membranes of chloroplasts (for review see [2, 32] ). Some of the pigment-binding proteins in these complexes are chloroplast-encoded [27] . A distinct class of pigment-binding proteins consists of the chlorophyll a/b-binding (CAB) polypeptides which are nuclear-coded and show a range of molecular weights of 2 2 -29 kDa (as determined on SDS-PAGE gels) [9, 11, 12] . These proteins are localized in structures known as the light-harvesting complexes (LHC) I and II, which are associated with PSI and PSII, respectively, but which can be isolated as aggregates distinct from the 'core' PSI and PSII complexes. The CAB protein-bound chlorophyll molecules in LHCI and LHCII are the primary acceptors of light energy in the form of photons. The captured excitation energy is then transferred to the PSI and PSII reaction centers for conversion into chemical energy. The CAB polypeptides are also believed to play a major role in mediating grana stacking, and the phosphorylation of threonine residues at the N-termini of certain CAB polypeptides has been correlated with this phenomenon [1, 4, 5, 8, 17] .
At least two types of CAB proteins have been found in the LHCII complex of higher plants and as many as four different types of CAB proteins are present in LHCI [9, 11, 13] . It is not known at present what distinct functions each type of CAB protein has, what pigments each type binds and the stoichiometry of the pigment-protein interaction. The three-dimensional structure of the CAB polypeptides has not been determined, although models based on theoretical considerations of the primary amino acid sequence and some relevant experimental data have been proposed [3, 13, 14] .
We are interested in the structure and function of the CAB polypeptides. In order to obtain the complete primary sequence of the proteins involved, we have been isolating all the CAB genes from the plant species Lycopersicon esculentum (tomato) and determining their nucleotide sequences. We have also been investigating CAB gene structure, genomic organization and mode of expression in order to gain insight into the biogenesis of the LHCI and LHCII complexes and the origin of the different types of CAB polypeptides comprising them. We have previously reported the isolation and characterization of eight genes, found in three different genetic loci (designated Cab-l, Cab-2, and Cab-3) encoding the Type I PSII CAB polypeptides [22] , two genes (Cab-4 and Cab-5) encoding the Type II PSII CABs [23] , two genes (Cab-6A and Cab-6B) encoding the Type I PSI CAB protein [13, 24] , and one gene (Cab-7) encoding the Type II PSI CAB protein [25] . Immunological cross-reactivity experiments carried out in several laboratories had previously indicated that the various CAB polypeptides in both PSI and PSII might be structurally related to each other [9, 11, 33] . However, one study found no cross-reactivity between PSI and PSII CAB polypeptides [34] , raising the possibilities that substantial divergence has occurred among these two groups of proteins or that the cross-reactivity observed in the other studies was due to some artifacts. Comparisons of the nucleotide sequences of the tomato PSI and PSII CAB genes characterized so far (and the sequences of the proteins they encode) conclusively demonstrated that the different CAB proteins in both PSI and PSII are all structurally related to each other [13, 22 -25] . Thus, the genes encoding many, and perhaps all, CAB polypeptides belong to a gene family and have been created by repeated cycles of gene duplication and divergence. Here we report the isolation of an additional, previously uncharacterized, member of the CAB gene family, the single tomato nuclear gene encoding the Type III PSI CAB polypeptide, and describe its structure, chromosomal location, mode of expression, and its relationship to the other members of this complex gene family.
Materials and methods

Isolation of genomic and cDNA clones and their characterization
All procedures were as described ( [22] [23] [24] and references therein). Conditions for Southern blots [28] were as described in Pichersky et al. [22] . Nucleotide sequences were determined by the chemical method [19] . The genomic clone was isolated from the EMBL3 library described in Sugita et al. [30] . cDNA clones were isolated from a tomato cDNA library described in Pichersky et al. [23] and Hoffman et al. [13] . The cDNA inserts were excised from the original plasmid (pARC7) of the library by cutting at the Sst I site of the 5' polylinker and the Xba I site at the 3' polylinker flanking the insert, and recloned into the plasmid pUC18 for nucleotide sequence determination or into pGEM4 for in vitro protein synthesis.
In vitro transcription, translation, and import into isolated tomato chloroplasts These procedures were described by Pickersky et al. [23] . In addition to the import of precursor protein into isolated pea chloroplasts, for which protocols were described in Pichersky et al. [23] , we also did import experiments with isolated tomato chloroplasts. The tomato chloroplasts were prepared as described for pea chloroplasts, with the following modifications: -Chloroplast isolation: tomato leaves contained high levels of starch, which destroyed the chloroplasts during the isolation procedure. We therefore used cotyledons from 10-12-day-old seedlings. Polyvinyl pyrrolidone 360 (Sigma) was added to the grinding buffer at a final concentration of l°70 (w/v). The density of the Percoll (Pharmacia) gradient was increased from 80% to 85%. -Import conditions: The total reaction volume was 500 ~1, with a total amount of chloroplasts equalling 300 #g chlorophyll. 2000000 cpm of 35S-methionine, 35S-cysteine-labelled preCAB-8 protein was added per reaction. The reaction buffer contained 10 mM ATP, 10 mM MgCI 2, 20 mM methionine, 20 mM cysteine, pH 7.5. Chloroplasts were incubated in the dark at 25 °C. -All other conditions were the same as described for the pea chloroplast protocol [23] , including the thermolysin treatment.
Localization of the processed CAB-8 polypeptide within the chloroplast
After import, tomato chloroplasts were reisolated on a Percoll cushion and thylakoid membranes prepared as previously described [23] . The thylakoid membranes were then solubilized for 30 rain in the dark using an aqueous solution of surfactant containing 4.5 O7o (w/v) heptyl-t3-D-thioglucopyranoside (Calbiochem), 4.5% (w/v) octyl-/3-D-thioglucoside (Calbiochem) and 1% (w/v) SDS at a final chlorophyll:surfactant ratio of 1:10. The solubilized membrane preparations were next run on the deriphat PAGE gel system of Peter et al. [20] . In this gel system, chlorophyll-protein complexes are visible on the gel after the run as green bands; one of these green bands consists mostly of PSI proteins, whereas others consist mostly of PSII proteins. Per lane 259 25 t~g chlorophyll were loaded. The gel was run at 200 V constant voltage for 30 min at 4°C. Unlike the procedure described in Peter et al. [20] , no SDS was added to the electrophoresis buffer. After the solubilized thylakoids were run on the deriphat gel system, each lane was cut and soaked in 1 × SDS-PAGE sample buffer [16] , then placed in an SDS gel [16] at 90 ° to the direction of the original run. The SDS gel was run at 5 W constant power. After this second run, gels were stained with Coomassie Blue, photographed, and then fluorographed.
The PSI and the PSII (LHCII) fractions shown in Fig. 3E were obtained by fractionation of thylakoid membranes using the sucrose density gradient procedure of Mullet et al. [18] further described in Pichersky et al. [23] .
Genetic mapping
Linkage analysis of cDNA markers was as previously described [6, 7, [22] [23] [24] .
Northern blots mRNA was isolated from the different organs and Northern blots were performed as previously described [26, 24] . The 0.2 kb Spe I-Bgl II fragment from the 3' nontranslated region of Cab-8 ( Fig. 1 ) was used as a probe. This fragment hybridizes exclusively to Cab-8 DNA sequences under the conditions used in the Northern blots (65 °C, 2xSSC, wash at 1 x SSC) (data not shown). 
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Results
Isolation and characterization of Cab-8 gene and cDNA clones
We have recently isolated the tomato gene Cab-7 which encodes the Type II PSI CAB polypeptide [25] . In Southern blots of tomato genomic DNA, a probe derived from the Cab-7 gene (a full-length clone, pCAB7-1B [25] ) hybridized, under lowstringency conditions (6xSSC, 60°C, wash at 2 × SSC), to several fragments in addition to the fragment carrying the Cab-7 gene (data not shown). We identified some of these fragments as carrying the Cab-1 and Cab-3 genes, which we had already cloned [22] . However, some of the hybridizing fragments did not carry previously cloned CAB genes. We therefore used the full-length cDNA clone derived from Cab-7 to probe (under the same lowstringency conditions) a tomato genomic library in the phage vector EMBL3 [30] . As expected, some of the positively hybridizing phages contained the Cab-1 and Cab-3, as well as Cab-7, genes. A single positively hybridizing recombinant phage which contained neither of these genes was also isolated. The tomato DNA insert from this phage was subcloned into pUC18 plasmids for further characterization. A restriction map of the tomato DNA insert in this phage was prepared (Fig. 1 ). Southern blots of subcloned fragments, using short probes derived from different parts of the Cab-7 coding region, identified a region hybridizing to the 3' coding region of the Cab-7 gene. The appropriate segments were then subjected to nucleotide sequence determination. Sequence comparisons with the Cab-7 and other CAB genes identified a region which encodes the C-terminus of a protein with strong homology to CAB C-terminal sequences. We then proceeded to determine the nucleotide sequence of the new gene, which we designated Cab-8, to more than 2 kb upstream from the stop codon of the coding region (Fig. 2) . The potential coding information of this region was compared with previously determined CAB sequences, and some regions of homology were easily discerned. However, because of a lack of discernable homology in most of the middle and the Nterminal coding regions, and the observation that Cab-8 must contain introns since there was no single uninterrupted reading frame throughout the sequence, the precise coding region of Cab-8 could only be established from a comparison with cDNA clones.
We used the 0.2 kb Spe I-Bgl II fragment from the 3' non-coding region of Cab-8 ( Fig. 1) to isolate cDNA clones derived from the Cab-8 gene. We isolated over 200 cDNA clones by screening approximately 105 recombinant plasmids from a cDNA library prepared from leaf mRNA [23] . However, the majority of these clones were very short, and only three were longer than 500 bp. The three longest clones and four shorter clones were subjected to nucleotide sequence determination. The longest clone, designated pCAB8-52, contains 972 nucleotides (excluding the poly(A) tail) with an open reading frame (beginning with a methionine codon) encoding a protein of 273 amino acids (Fig. 2) . That pCAB8-52 contains the complete coding information for this protein was established by the production of this protein in vitro and the subsequent import experiments (see below). Thus, pCAB8-52 also contains a 48 bp 5' non-translated leader and a 105 bp 3' non-translated region, followed by a poly(A) tract (Fig. 2) . The comparison between the sequences of pCAB8-52 and Cab-8 revealed that Cab-8 contains two introns of 329 and 562 nucleotides, respectively (Fig. 2) .
The other six cDNA clones sequenced are shorter and none contains the entire coding region. Two observations of interest were made: 1. Of the total of seven clones, only two terminate at the same 3' position. However, since all these clones contain a poly(A) tract of 30-80 bp at their 3' end, it is not possible to determine exactly where processing of the initial transcript occurred in each case. This is so because the last recognizable nucleotide in the cDNA clones is always followed by an adenine both in the genomic sequence and in the cDNA clone (i.e., the beginning of the poly(A) tract) (Fig. 2) . Nonetheless, it is clear that processing occurred at six different positions. Multiple termination/processing sites (two or three) have been previously observed for After the deriphat-PAGE, samples were run on SDS gels (without urea) in a second dimension 90 ° to the direction of the first electrophoresis. A similar result was obtained for the pea thylakoids (data not shown). Bands corresponding to LHCI and LHCII CAB polypeptides [13, 23] are marked in the figure. The arrowhead indicates the migration position of the processed CAB-8 protein (i.e. the radioactive band observed in Fig. 3D ; see also Fig. 3A) . D. Fluorography of the 2D gel of tomato shown in Fig. 3C and the 2D gel of the pea sample (not shown). The areas corresponding to the green bands of PSI and PSII are indicated. E. SDS gels of tomato PSI and PSII (LHCII) fractions obtained by the sucrose density gradients method of Mullet et al. [18] as described in Pichersky et al. [23] .
. transcripts from the same CAB gene [10, 25] , but the situation in the Cab-8 system appears to be an extreme case. One clone, pCAB8-14, is co-linear with pCAB8-52 up to the first nucleotide of exon 2; upstream from this position, pCAB8-14 contains seven more nucleotides, but these are the last seven nucleotides of the first intron (Fig. 2) .
Localization of the processed CAB-8 polypeptide within the chloroplast
The in vitro synthesized preCAB-8 polypeptide was imported into isolated tomato and pea chloroplasts and processed to a single, smaller molecular form (Fig. 3A) . The import efficiency was at the same level observed for other CAB precursors (data not shown). After import, the thylakoid membranes were isolated, partially solubilized, and run on the deriphat gel system [20] . Two major green bands, and a third, more diffuse green band, were observed at the end of the run (Fig. 3B) . The protein contents of these bands was analyzed by running them in a second dimension in the SDS-PAGE gel system of Laemmli [16] and staining with Coomassie Blue (Fig. 3C) . The most slowly migrating green band from the first dimension contained mostly PSI proteins (cf. Fig. 3E, lane 1) , whereas the other two bands had the prominent LHCII polypeptides (cf. Fig. 3E , lane 2). The LHCII polypeptides were not present in the PSI band. Fluorography of the SDS gel (Fig. 3D ) revealed that over 90% of the counts were present in a single polypeptide which comigrated with the PSI green band in the first dimension. This processed CAB-8 protein comi- Fig. 4 . Southern blot analysis. L. esculentum (e) and L. pennellii (p) DNA (3 /zg per lane) were digested with Eco RV and Xba I restriction enzymes, run on 1% agarose gel, and blotted onto nylon membranes. The probe was the fragment extending from the Pst I site at the beginning of the third exon to the Spe I site at the end of the third exon. For each restriction digest, the two left lanes were washed at low stringency (2× SSC) and the two right lanes were washed at high stringency (0.1 × SSC). All other conditions were as described in the text.
grates in the Laemmli SDS-PAGE system with a PSI polypeptide (arrow in Fig. 3C ; see also Fig. 3A ) previously identified as the slowest-mobility LHCI CAB polypeptide [13] . Most of the rest of the radioactivity was found in another band of identical mobility but which was localized in the diffuse green band which contained mostly LHCII proteins. Note that the sharper (more slowly migrating) green PSII band did not contain the processed CAB-8. The diffuse green band may represent a mixture of completely dissociated, individual LHCI and LHCII polypeptides each still bound with pigment molecules. We think it is unlikely that CAB-8 is also specifically associated with LHCII to some extent, in addition to its major association with PSI, since we have observed similar distribution of the other PSI CAB proteins (Type I and Type II) in the deriphat gel system (N.E. Hoffman, in preparation).
Genetic mapping
Restriction fragment length polymorphism (RFLP) mapping was used to locate the chromosomal position of Cab-8. The 0.5 kb Pst I-Spe I fragment from pCAB8-52 was used to probe filters containing Eco RV and Xba I digested DNA from L. esculentum and L. pennellii (Fig. 4) . Under low stringency conditions (hybridization at 6 × SSC, 65 °C, wash at 2 × SSC), the probe remained hybridized to several fragments, but under high-stringency (hybridization conditions the same, wash at 0.1 × SSC), the probe remained hybridized to a single fragment in the genome of each species. Both the Eco RV and Xba I digests revealed RFLP for the single fragment hybridizing at high stringency (Fig. 4) . An F2 population, derived from a cross between these two species, was analyzed for segregation for the Xba I and Eco RV fragments as well as for a number of other previously mapped RFLP markers [31] . The Cab-8 fragments segregated into the expected monogenic classes (two homozygous parental genotypes and heterozygotes; data not shown) and mapped to a point near the end of chromosome 10 ( Fig. 5A ), approximately 9 map units from the Cab-7 locus which is at the terminal end of this linkage group [25] . The segregation analysis indicated that Cab-8 maps to the same position as a previously isolated and mapped, but not identified, cDNA clone, designed CD56 [31] . We therefore used the Cab-8 probe in a Southern blot of CD56 DNA. The Cab-8 probe indeed bound to CD56 DNA under high-stringency conditions (data not shown), indicating that CD56 is a Cab-8 cDNA clone and confirming the map assignment of Cab-8.
Expression of the Cab-8 gene
We have used the Northern blot technique to look at the steady-state level of mRNA encoding the CAB-8 protein in several tomato organs and under different light regimes (Fig. 6) . The pattern of Cab-8 mRNA levels parallels that of mRNAs encoding the The organs are (from left): L -leaf, E -etiolated seedlings, R -root, St -stem, P -petal, S -sepal, F I -green fruit (15 days after pollination), Fti -mature fruit (45 days after pollination). The probe used was the 0.2 kb Spe I-Bgl II fragment from the 3 ' end of the Cab-8 gene (Fig. 1) . The specific activity of the probe was 2.8 × 106 cpm//zg D N A and the X-ray film was exposed for 14 days.
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Type I and Type II PSI CAB polypeptides and the Type I and Type II PSII CAB polypeptides [24, 25] . From comparisons of the specific activities of the probes and the times of exposure of the blots (see legend to Fig. 6 ), we calculate that the steady-state level of Cab-8 mRNA in the leaf is approximately equal to that of the Type I and Type II PSI CAB mRNAs, which in turn have been shown to be several-fold lower than the steady-state level of PSII CAB mRNAs in all organs examined and under all light regimes [24, 25] . As with the other two types of PSI CAB genes [24, 25] , very little Cab-8 message is observed in green tissues other than leaf (relative to their abundance in the leaf), while PSII CAB mRNAs are quite abundant in such tissues, especially in the stem [24] . In fact, there is more Cab-8 mRNA in sepals than in stems (Fig. 6 ).
Discussion
Cab-8 encodes the Type III PSI CAB polypeptide
The import experiments (Fig. 3) indicate that the protein encoded by the tomato gene Cab-8 is localized in PSI. Although some label was associated with the diffuse green band which contained mostly LHCII proteins, over 90% of the counts were found in the single green band whose protein profile shows it is composed of PSI proteins. The fact that the preCAB-8 was imported and properly processed into a single protein associated with PSI indicates that the cDNA clone used to prepare the transcript for in vitro protein synthesis contained the entire coding region for the protein. The processed CAB-8 polypeptide comigrates on SDS-PAGE gels with one of several proteins in PSI which cross react with a monoclonal antibody made against a PSII CAB protein, thus identifying them as CAB-related polypeptides [9, 13] . The genes encoding two other of these proteins, designated Type I and Type II PSI CABs, have previously been isolated and characterized [24, 25] . Thus, Cab-8 encodes a third PSI CAB polypeptide, which we designate Type III PSI CAB. The Southern blots (Fig. 4) (Fig. 5B) . The exact location o f the cleavage of the transit peptide has not been determined for preCAB-8 (nor for any other C A B precursors). However, the processing site for the Type I P S I I C A B precursor has been tentatively identified [17] , and sequence alignment suggests that the transit peptide o f p r e C A B -8 contains 32 or 33 a m i n o acids (Fig. 7A) . . The retardation in migration o f all C A B polypeptides in S D S -P A G E is most likely due to their hydrophobic character. The degree of retardation relative to the formula-calculated molecular weight is smaller for the PSI C A B polypeptides, consistent with their being less hydrophobic. The reduced overall hydrophobicity o f the PSI C A B polypeptides is due mainly to the existence o f a strongly hydrophilic region between their second and third hydrophobic, m e m b r a n e -s p a n n i n g regions (see below), whereas the corresponding segment in the PSII CAB polypeptides is only slightly hydrophilic [13, 29] .
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The protein encoded by Cab-8 is clearly structurally related to other CAB polypeptides. Sequence alignments (Fig. 7A) reveal that the two strongly conserved regions among all the CAB polypeptides analyzed to date [13, 24] are also conserved in the CAB-8 protein. These two regions, amino acids 62-120 and 199-265 (Fig. 7A) , are each thought to consist of a membrane-spanning region (MSR) and a hydrophilic sequence N-terminal to the MSR, and it has been hypothesized that the conserved sequences in these MSRs are involved in chlorophyll binding [13, 21] . The CAB-8 protein, like all other tomato CAB sequences, also has a third predicted MSR situated between the two conserved MSRs, but it is not highly conserved in sequence among CAB proteins. However, CAB-8 does share some limited sequence homology in this region with CAB-7, the gene encoding the second most slowly migrating PSI CAB polypeptide [25] .
The first conserved MSR in CAB-8 differs from all the other CAB proteins in having Asn and Gly at position 102-103 (Fig. 7A) instead of His and Cys. This variation is all the more interesting because the two conserved MSRs show some sequence similarity to each other [13] , a similarity which, however, has not included these two positions in previously obtained CAB sequences. Thus, in the equivalent positions in the second conserved MSR, all the polypeptides have Asn and Gly rather than His and Cys; CAB-8 is so far the only CAB polypeptide which contains Asn and Gly in the equivalent positions in both the first and second conserved MSRs. In view of the established role of His residues in binding chlorophyll in prokaryotes and their postulated role in binding chlorophyll in plants [13] , and the lack of His residues in the second conserved MSR in all CAB sequences determined to date, the apparent equivalency of His and Asn is intriguing (see also [21] for further discussion of probable ligands involved in pigment binding).
It was initially thought that CAB proteins are strongly conserved, because greater than 90% sequence identity was observed for CAB proteins from monocots and dicots [14, 15, 22] . It is now clear that such conservation is limited to the same type of CAB polypeptides. Thus, the Type I and Type II PSII CAB polypeptides are indeed over 90°70 identical in monocots and dicots within the type, but are only 85% identical to each other even within the same species [23] . The overall sequence homology of the Type III PSI CAB protein encoded by Cab-8 to the Type I and Type II PSI CAB proteins is 35-40070, which is only marginally greater than its homology to PSII CAB sequences (30%) (Fig. 7A, B) . Thus, the sequences of the three types of PSI CAB polypeptides determined to date are substantially divergent from each other, as well as from the PSII CAB proteins. The large differences in primary sequence among the CAB polypeptides might reflect their different functions in the photosynthetic apparatus, especially in view of the strong conservation of PSII CAB proteins within the type among different plant species (for the PSI CAB sequences, with one exception [29] no sequences are yet available other than those for tomato). Alternatively, these differences might simply reflect the phylogentic relationships among the different members of the CAB gene family.
Expression of Cab-8
The pattern of steady-state level of Cab-8 mRNA in the different tomato organs and under different light regimes (Fig. 6 ) was very similar to that of other types of tomato PSI CABs. As estimated from the specific activity of the probe and the time of exposure of the blot (legend to Fig. 6 ), the steady-state level of Cab-8 mRNA is on the same order of magnitude of that of Type I and Type II PSI CAB. As is the case for other CAB mRNAs, the highest level of Cab-8 mRNA is seen in illuminated leaf tissue. Much less message is observed in other green organs such as stem and sepal, and no mRNA is observed in etiolated seedlings and roots.
The isolation of a cDNA clone, pCAB8-14, with some of the first intron sequence still intact and no sequence from the first exon present raises the possibility of alternate splicing. Alternatively, it is possible that this cDNA clone was simply made from an incompletely processed mRNA template (which was either prematurely degraded or incompletely copied into a cDNA). We favor the latter explanation for the following reasons: if pCAB8-14 represents a functional, full-length message, the protein made from this mesage will be very short and also contain no discernable transit peptide; there is no evidence for such a short CAB polypeptide in the plant cell. If pCAB8-14 is an incomplete cDNA clone of a message that was processed differently from the pCAB8-52 message, inspection of the genomic sequence for possible 5' and 3' consensus splice reveals that such a message will code for a protein of at least 313 amino acids (including a transit peptide of 32-33 amino acids), and again there is no evidence for the existence of such a CAB polypeptide. Also, we have recently isolated a cDNA clone for a new type of CAB polypeptide in which an entire intron is present (E. Pichersky and B.R. Green, unpublished) . Since that intron contains stop codons in-frame, clearly the message from which that cDNA clone was made was not yet completely processed. Cab-8 is located on chromosome 10, approximately 9 map units from Cab-7, the gene encoding the Type II PSI CAB polypeptide (Fig. 5A) . This is the .first example of genes encoding different types of CAB polypeptides found on the same chromosome in tomato. Although the Cab-8 gene was isolated using a probe derived from the Cab-7 gene, and the CAB-7 protein indeed shows greater degree of homology to CAB-8 protein than any other tomato CAB sequence does (Fig. 7A, B) , this degree of homology (40%) is still very low and it is therefore not clear whether their linkage is fortuitous or reflects a more recent evolutionary origin of these loci by gene duplication. The Southern blots indicate that the coding region of Cab-8 DNA hybridizes, at low stringency, to several tomato nuclear fragments in addition to itself (Fig. 4) . We have identified some of these fragments as carrying the Cab-7, Cab-l, and Cab-3 genes, and are investigating whether any of the others carry previously uncloned CAB genes.
Chromosomal location of
Structure of Cab-8 and intron evolution in the CAB gene family
Comparison of the sequence of the cDNA clone pCAB8-52 with the sequence of the Cab-8 gene reveals that Cab-8 contains two introns (Figs. 1, 2) . The first intron occurs at or close to the position of the first intron in the Type II PSII CAB genes (because of the lack of sequence homology in this region, it is not possible to align the sequences there with certainty). The second intron in Cab-8 occurs at the exact position of the second intron in Cab-7; an intron occurs three codons downstream from this position in the tomato Cab-6A and Cab-6B genes (encoding the Type I PSI CAB protein). A summary of intron positions in different types of CAB genes is given in Fig. 7C . One observation is that PSII CAB genes, which are more highly expressed, have fewer introns (0 or 1) than PSI CAB genes (2, 3, and 4). The fact that many of the introns found in one type of CAB genes do not correspond in position to introns found in the other CAB types strongly suggests that some of them may have been introduced into the CAB genes in recent evolutionary times. Alternatively, there may have been a massive loss of introns in different lineages of the CAB gene family.
The second intron of Cab-8 does seem to be ancestral since it is also found in Cab-7. Moreover, in the tomato Cab-6 genes an intron occurs three codons downstream from the position of the second intron of Cab-8, and in a recently characterized PSII CAB gene (E. Pichersky and B.R. Green, unpublished) and intron occurs four codons downstream from this position. The first intron of Cab-8 might also be ancestral if it is indeed the same intron found in the Type II PSII CAB genes, but this identity is not certain. A better understanding of intron evolution in the CAB gene family will come when additional types of genes are examined and when the same types of CAB genes from different plant species are isolated, analyzed, and compared.
